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Abstract
We discuss the smooth hybrid inflation scenario in the context of a simple super-
symmetric SO(10) GUT in 5D orbifold. In this GUT model, the SO(10) gauge sym-
metry is broken down to the Pati-Salam (PS) gauge group, SU(4)c× SU(2)L× SU(2)R,
by orbifold boundary conditions and all matter and Higgs multiplets are placed only
on the brane (PS brane) where only the PS symmetry is manifest. Further break-
ing of the Pati-Salam group to the Standard Model one is realized by VEVs of the
Higgs multiplets (4,1,2) ⊕ (4,1,2). The gauge coupling unification is successfully re-
alized at MGUT = 4.6 × 1017 GeV after incorporating the threshold corrections of the
Kaluza-Klein modes, with the compactification scale (assumed to be the same as the
PS symmetry breaking scale) Mc = vPS = 1.2 × 1016 GeV. We show that this orbifold
GUT model can naturally leads us to the smooth hybrid inflation, which tunes out to
be consistent with the WMAP 5-year data with the predicted MGUT and vPS in the
model.
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1 Introduction
In these decades, terrestrial observational data on neutrino oscillations, B physics as well
as the astrophysical ones like Wilkinson Microwave Anisotropy Probe (WMAP) give the
very important informations on physics beyond the Standard Model (SM), especially on the
grand unified models (GUTs). Among several GUTs, the model based on the gauge group
SO(10) is particularly attractive. In fact, SO(10) is the smallest simple gauge group under
which the entire SM matter contents of each generation are unified into a single anomaly-free
irreducible representation, 16. In these SO(10) GUTs, the so-called renormalizable minimal
SO(10) model (hereafter the minimal SO(10) GUT) has been paid a particular attention,
where two Higgs multiplets {10⊕ 126} are utilized for the Yukawa couplings with matters
16i (i = 1, 2, 3 is the generation index) [1] [2] [3]. A remarkable feature of the model is its high
predictive power for the neutrino oscillation parameters with reproducing charged fermion
masses and mixing angles. However, after KamLAND data [4] was released, it entered to
the stage of precision measurements, and many authors performed data-fitting analysis to
match up these new data.
Also, Higgs superpotential in the minimal SO(10) GUT has been constructed and the
detailed analysis of symmetry breaking patterns have been extensively studied [5, 6]. This
construction gives the vacuum expectation values (VEVs) at intermediate energy scales
unlike normal SUSY GUTs, which gives rise to a trouble in the gauge coupling unification
as well as the necessary scales of the seesaw mechanism and leptogenesis. This mismatch of
gauge couplings has been explicitly shown in Ref. [7], where they are not unified any more
and even the SU(2) gauge coupling blows up far below the GUT scale.
In addition to the issue of the gauge coupling unification, the minimal SO(10) model
potentially suffers from the problem that the gauge coupling blows up around the GUT
scale. This is because the model includes many Higgs multiplets of higher dimensional
representations. In field theoretical point of view, this fact implies that the GUT scale is a
cutoff scale of the model, and more fundamental description of the minimal SO(10) model
would exist above the GUT scale.
In order to solve these problems, the minimal SO(10) GUT has been considered in 5D [8]
with the warped background geometry [9], where the GUT gauge symmetry is assumed to be
broken by VEVs of Higgs multiplets on a brane, as usual in 4D models. Another possibility
of constructing GUT models in extra-dimensions is to consider the so-called orbifold GUT
[10], where the GUT gauge symmetry is (partly) broken by orbifold boundary conditions. In
this paper, we consider a class of SO(10) models in 5D [11], where SO(10) gauge symmetry
is broken into the PS gauge group and further symmetry breaking into the SM gauge group
is achieved by VEVs of Higgs multiplets on a brane. In particular, we concentrate on the
recently proposed simple SO(10) model [12]. In this model, all matter and Higgs multiplets
reside only on a brane (PS brane) where the PS gauge symmetry is manifest, so that low
energy effective description of this model is nothing but the PS model in 4D with a special
set of matter and Higgs multiplets. At energies higher than the compactification scale, the
Kaluza-Klein (KK) modes of the bulk SO(10) gauge multiplet are involved in the particle
contents and in fact, the gauge coupling unification was shown to be successfully realized
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by incorporating the KK mode threshold corrections into the gauge coupling running [12].
The unification scale (MGUT) and the compactification scale (Mc) which was set to be the
same as the PS symmetry breaking scale (vPS) were found to be MGUT = 4.6 × 1017 GeV
and Mc = vPS = 1.2× 1016 GeV.
In this paper, we apply this SO(10) model to the inflationary scenario. The idea of
inflation [20] has been strongly favored from the view points of not only providing the
solutions to the horizon and flatness problems of the standard big bang cosmology but also
recent precise cosmological observations on the the cosmic microwave background radiation
and the large scale structure in the Universe. Therefore, it is an important task to construct a
realistic inflation model based on some well-motivated particle physics model. Among many
proposed inflation models, the hybrid inflation [13] [14] is particularly attractive because
it can be adjusted to a wide class of SUSY models [15]. Variants of hybrid inflation, in
particular, applicable to SUSY GUT models have been proposed: The standard [16], shifted
[17] and smooth [18] hybrid inflation models. Some of these models are based on the SUSY
PS model with one singlet and Higgs multiplets (4, 1, 2)⊕(4, 1, 2) whose VEVs break the PS
symmetry to the SM one. Interestingly, except for the singlet field, the orbifold GUT model
of Ref. [12], which we are interested in, has the same particle content. Therefore, the GUT
model can naturally incorporate the hybrid inflation in it. In the following, we consider the
smooth hybrid inflation [18] in this orbifold GUT framework.
This paper is organized as follows: In Section 2 we briefly review the model proposed in
Ref. [12]. Application of this model to inflation is developed in Section 3 and the consistency
of the model with current observations is shown. The last section is devoted for conclusions.
2 Model Setup
Here we briefly review the orbifold SO(10) GUT model proposed in Ref. [12]. The model is
described in 5D and the 5th dimension is compactified on the orbifold S1/Z2 × Z ′2. A circle
S1 with radius R is divided by a Z2 orbifold transformation y → −y (y is the fifth dimensional
coordinate 0 ≤ y < 2πR) and this segment is further divided by a Z ′2 transformation y′ → −y′
with y′ = y+πR/2. There are two inequivalent orbifold fixed points at y = 0 and y = πR/2.
Under this orbifold compactification, a general bulk wave function is classified with respect
to its parities, P = ± and P ′ = ±, under Z2 and Z ′2, respectively.
Assigning the parity (P, P ′) the bulk SO(10) gauge multiplet as listed in Table I, only
the PS gauge multiplet has zero-mode and the bulk 5D N=1 SUSY SO(10) gauge symmetry
is broken to 4D N=1 SUSY PS gauge symmetry. Since all vector multiplets has wave
functions on the brane at y = 0, SO(10) gauge symmetry is respected there, while only the
PS symmetry is on the brane at y = πR/2 (PS brane).
We place the all matter and Higgs multiplets on the PS brane, where only the PS sym-
metry is manifest so that the particle contents are in the representation under the PS gauge
symmetry, not necessary to be in SO(10) representation. For a different setup, see [11]. The
matter and Higgs in our model is listed in Table 2. For later conveniences, let us introduce
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(P, P ′) bulk field mass
(+,+) V (15, 1, 1), V (1, 3, 1), V (1, 1, 3) 2n
R
(+,−) V (6, 2, 2) (2n+1)
R
(−,+) Φ(6, 2, 2) (2n+1)
R
(−,−) Φ(15, 1, 1), Φ(1, 3, 1), Φ(1, 1, 3) (2n+2)
R
Table 1: (P, P ′) assignment and masses (n ≥ 0) of fields in the bulk SO(10) gauge multiplet
(V, Φ) under the PS gauge group. V and Φ are the vector multiplet and adjoint chiral
multiplet in terms of 4D N=1 SUSY theory.
the following notations:
H1 = (1, 2, 2)H , H
′
1 = (1, 2, 2)
′
H,
H6 = (6, 1, 1)H , H15 = (15, 1, 1)H ,
HL = (4, 2, 1)H , HL = (4, 2, 1)H ,
φ = (4, 1, 2)H , φ¯ = (4, 1, 2)H . (1)
Superpotential relevant for fermion masses is given by4
WY = Y
ij
1 FLiF
c
RjH1 +
Y ij15
M5
FLiF
c
Rj (H
′
1H15)
+
Y ijR
M5
F cRiF
c
Rj (φφ) +
Y ijL
M5
FLiFLj
(
HLHL
)
, (2)
whereM5 is the 5D Planck scale. The product, H
′
1H15, effectively works as (15, 2, 2)H, while
φφ andHLHL effectively work as (10, 1, 3) and (10, 3, 1), respectively, and are responsible for
the left- and the right-handed Majorana neutrino masses. Providing VEVs for appropriate
Higgs multiplets, fermion mass matrices are obtained. There are a sufficient number of free
parameters to fit all the observed fermion masses and mixing angles.
Suppose a Higgs superpotential which provides the same VEVs (vPS) for Higgs multiplets
to break the PS symmetry and leaves only the particle contents of the minimal supersymmet-
ric Standard Model (MSSM) at low energies. In Ref. [12], assuming Mc = vPS and imposing
4 For simplicity, we have introduced only minimal terms necessary for reproducing observed fermion mass
matrices.
3
brane at y = πR/2
Matter Multiplets ψi = FLi ⊕ F cRi (i = 1, 2, 3)
Higgs Multiplets (1, 2, 2)H , (1, 2, 2)
′
H, (15, 1, 1)H , (6, 1, 1)H
(4, 1, 2)H , (4, 1, 2)H, (4, 2, 1)H , (4, 2, 1)H
Table 2: Particle contents on the PS brane. FLi and F
c
Ri are matter multiplets of i-th
generation in (4, 2, 1) and (4¯, 1, 2) representations, respectively.
the left-right symmetry, the gauge coupling unification was examined. Analyzing the gauge
coupling runnings in the MSSM,Mc = vPS is fixed as the scale where the SU(2)L and SU(2)R
gauge couplings coincide with each other, which is found to be Mc = vPS = 1.2× 1016 GeV.
For the scale µ ≥ Mc = vPS, we have only two independent gauge couplings, SU(4)c and
SU(2)L (or SU(2)R) gauge couplings. After taking KK mode contributions into account, it
was shown that the gauge coupling is successfully unified at MGUT = 4.6 × 1017 GeV (see
Figure 1 from Ref. [12]). We assume that a more fundamental SO(10) GUT theory takes
place at MGUT , and it would be natural to assume MGUT ∼ M5. In fact, the relation be-
tween 4D and 5D Planck scales, M35 /Mc ≃M2P (MP = 2.44×1018 GeV is the reduced Planck
scale), supports this assumption with Mc = 1.2×1016 GeV. When we abandon the left-right
symmetry, there is more freedom for the gauge coupling unification with two independent
parameters vPS and Mc.
Our model gives a large vPS relative to other 5D orbifold SO(10) models [11]. The
high value of vPS or Mc is advantageous for dangerous proton decay due to dimension six
operators. From Eq. (2), the right-handed neutrino mass scale is given byMR ∼ YRv2PS/M5 ∼
YRv
2
PS/MGUT. The scale MR = O(1014 GeV) preferable for the seesaw mechanism can be
obtained by a mild tuning of the Yukawa coupling YR ∼ 0.1.
In the next section, we show that this model is well fitted to the smooth hybrid inflation
model and the model predictions are compatible with the cosmological observations like
the power spectrum of the curvature perturbations, the scalar spectral index, the ratio of
scalar-to-tensor fluctuations and so on.
3 Smooth hybrid inflation
We consider the smooth hybrid inflation model [18] in the context of the orbifold GUT model
discussed in the previous section. For this purpose, we introduce a singlet chiral superfield
S. Needless to say, this singlet field causes no change for the gauge coupling unification. Let
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us consider the superpotential for the smooth hybrid inflation [18]5,
W = S
(
−µ2 + (φ¯φ)
2
M2
)
, (3)
where we have omitted possible O(1) coefficients. SUSY vacuum conditions lead to non-zero
VEVs for 〈φ〉 = 〈φ¯〉 = √µM , by which the PS symmetry is broken down to the SM one,
and thus
vPS =
√
µM. (4)
In the following analysis of inflation, we treat M as a free parameter with vPS =
√
µM =
1.2 × 1016 GeV fixed by the analysis of gauge coupling unification. Since M is involved in
the non-renormalizable term, it is theoretically natural that M ∼ M5 ∼MGUT = 4.6× 1017
GeV. Nevertheless this condition is independent of the inflation scenario, we will find from the
following analysis that M ∼ MGUT is in fact consistent with the cosmological observations.
Therefore, our GUT model is suitable for the inflation models with the parameters vPS and
MGUT fixed by the analysis for the gauge coupling unification.
There are many possibility of the other parts of Higgs superpotential involving other
Higgs multiplets in Table 2. See, for example, Ref. [12] and also the Higgs superpotential
in Ref. [17]. It would be worth mentioning that the Higgs superpotential includes a term
W ⊃ H6(φ2 + φ¯2) through which all color triplets in φ and φ¯ become heavy. Only the
superpotential of Eq. (3) is relevant for inflation.
Now we examine the smooth hybrid inflation scenario. The scalar potential from Eq. (3)
is given by6
V =
∣∣∣∣−µ2 + (φ¯φ)
2
M2
∣∣∣∣
2
+ 4S2
|φ|2|φ¯|2
M4
(|φ|2 + |φ¯|2) . (5)
Considering the D-flatness condition, we normalize
|φ| = |φ¯| = χ
2
, |S| = σ√
2
(6)
and then V becomes
V =
(
µ2 − χ
4
16M2
)2
+
χ6σ2
16M4
. (7)
For a fixed σ, V has a minimum at
χ2 = −6σ2 +
√
36σ4 + 16v4PS ≃
4
3
v4PS
σ2
, (8)
5 The renormalizable term, S(φ¯φ), can be forbidden by introducing a discrete symmetry [18], for example,
φ→ −φ and φ¯→ φ¯.
6 Although supergravity effects from Kahler potential can play an important role [19], we do not consider
effects form supergravity in this paper, assuming a special Kahler potential for the inflaton field.
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where we have used an approximation for σ2 ≫ v2PS (satisfied during inflation) in the last
expression. The inflation trajectory is along this minimum and we obtain the potential along
this path
V ≃ µ4
(
1− 2v
4
PS
27σ4
)
. (9)
Note that the PS symmetry is spontaneously broken anywhere on the inflation trajectory
and thus, no topological defects such as strings, monopoles, or domain walls are produced
at the end of inflation [18].
Accordingly, the slow-roll parameters (ǫ, η) and the parameter (ξ2), which enters the
running of the spectral index, are defined as [20]
ǫ =
M2P
2
(
V ′
V
)2
≃ 32M
2
Pv
8
PS
729σ10
≃ − 4v
4
PS
135σ4
η
η = M2P
(
V ′′
V
)
= −40M
2
P v
4
PS
27σ6
ξ2 = M4P
(
V ′V ′′′
V 2
)
≃ 640M
4
P v
8
PS
243σ12
, (10)
where the prime denotes derivative with respect to σ. The slow-roll approximation is valid
if the conditions, ǫ and |η| ≪ 1, hold. In this case, the spectral index (ns), the ratio of
tensor-to-scalar fluctuations (r) and the running of the spectral index (αs) are given by
ns ≃ 1− 6ǫ+ 2η,
r ≃ 16ǫ,
αs =
dns
d ln k
≃ 16ǫη − 24ǫ2 − 2ξ2. (11)
The number of e-folds Nk after the comoving scale ℓ0 = 2π/k0 has crosses the horizon is
given by
Nk =
1
M2P
∫ σk
σf
dσ
V
V ′
≃ 9
16M2P v
4
PS
(
σ6k − σ6f
)
, (12)
where σk is the value of the inflaton field when the scale corresponding to k0 exits the
horizon, and σf is the value of the inflaton field when the inflation ends, which is determined
by |η| = 1 so that
σ6f =
40
27
M2P v
4
PS. (13)
For σ6k ≫ σ6f , several formulas given above are reduced into simpler forms, for example,
Nk ≃ − 5
6ηk
, ns ≃ 1− 5
3Nk
, αs ≃ − 5
3N2k
. (14)
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The number of e-folds Nk required for solving the horizon and flatness problems of the
standard big bang cosmology, for k0 = 0.002 Mpc
−1, is given by [20]
Nk ≃ 51.4 + 2
3
ln
(
V (σk)
1/4
1015 GeV
)
+
1
3
ln
(
Trh
107 GeV
)
, (15)
where we have assumed a standard thermal history, and Trh is the reheating temperature
after inflation. If gravitino has mass around 100 GeV as in the gravity mediated SUSY
breaking, the reheating temperature is severely constraint (gravitino problem) in order for
the gravitino decay products not to destroy the light elements successfully synthesized during
big bang nucleosynthesis [21],
Trh ≤ 106 − 107GeV. (16)
The power spectrum of the primordial curvature perturbation at the scale k0 is given by
PR1/2 ≃ 1
2
√
3πM3P
V 3/2
|V ′| ≃
27
16
√
3π
σ5k
M3PM
2
. (17)
This should satisfy the observed value by the WMAP [22], PR ≃ 2.457× 10−9.
Now we solve Eqs. (12), (15) and (17) and fix the model parameters involving the inflation
scenario. In our analysis, we have three independent free parameters, M , σk and Trh, with
the fixed vPS = 1.2 × 1016 GeV. We solve the equations for a given Trh in the range 1 MeV
≤ Trh ≤ 1010 GeV and findM and σk. Figure 2 shows the results forM and σk as a function
of Trh. We can check that σ
6
k ≫ σ6f and the slow-roll conditions are satisfied. The number of
e-folds is depicted in Figure 3. Using these outputs and Eq. (10), we evaluate the spectral
index (Figure 4), the tensor-to-scalar ratio and the running of the spectral index:
0.963 ≤ ns ≤ 0.968,
4.0× 10−7 ≥ r ≥ 3.1× 10−7,
−8.4× 10−4 ≤ αs ≤ −6.1× 10−4 (18)
for 1 MeV ≤ Trh ≤ 107 GeV. The tensor-to-scalar ratio and the running of the spectral
index are negligibly small. These results are consistent with the WMAP 5-year data [22]:
ns = 0.960
+0.014
−0.013, r < 0.2 (95% CL) and αs = −0.032+0.021−0.020 (68% CL) (consistent with zero in
95% CL).
In general, we do not need to impose either the left-right symmetry or Mc = vPS on the
model. In this case, vPS can be varied [11], and we repeat the same analysis for this general
case with vPS as a free parameter. Fixing, for example, Trh = 10
7 GeV,M can be obtained as
a function of vPS as shown in Figure 5. Since M appears in the non-renormalizable term, it
would be natural to identify M as an effective cutoff. Thus, the theoretical consistency leads
to the condition, vPS ≤ M ≤MP , from which we obtain 1.9× 1014 GeV ≤ vPS ≤ 5.6× 1016
GeV. The number of e-folds and the tensor-to-scalar ratio are shown in Figure 6 and 7,
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respectively, as a function of vPS. The other outputs, the spectral index and its running, are
found as
0.967 ≤ ns ≤ 0.968,
−6.4 × 10−4 ≤ αs ≤ −6.1× 10−4. (19)
These are consistent with the WMAP data.
4 Conclusions
We have discussed the smooth hybrid inflation scenario in the context of the SO(10) GUT
model in Ref. [12]. We have shown that the model can be naturally applicable to the
inflation model by introducing only one singlet chiral multiplet, keeping the structure of
the gauge coupling unification unchanged. The analysis for the running gauge coupling
fixes the model parameters as vPS = 1.2 × 1016 GeV and MGUT = 4.6 × 1017 GeV. It is
very interesting that these parameters are determined independently of the cosmological
considerations, nevertheless the inflation scenario with these parameters fits very well with
the current cosmological observations, as we have shown.
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Figure 1: Gauge coupling unification in the left-right symmetric case, taken from Ref. [12].
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14
